We develop a model for deformation in an extending continental lithosphere that is stratified in density and strength, assuming a rheology consistent with seismic focal depths and experimental flow laws. The model demonstrates that necking instabilities at two wavelengths will arise due to the presence of a strong upper crust and upper mantle separated by a weak lower crust. The magnitudes of the instabilities are directly related to strength contrasts within the lithosphere, while the dominant wavelengths of necking are controlled mainly by the thicknesses of the strong layers. The results are applied to the Basin and Range Province of the western United States where two scales of deformation can be recognized, one corresponding to the spacing of ranges and the other to the width of tilt domains. A Bouguer gravity anomaly and associated regional topography with a wavelength comparable to the width of tilt domains has also been recognized. For plausible density and strength stratifications, our results show that the horizontal scale of short wavelength necking is consistent with the spacing of individual basins and ranges, while that of the longer wavelength necking is consistent with the width of tilt domains. We thus suggest that Basin and Range deformation may be controlled by two scales of extensional instability. Extension in the weak lower crust in this model is laterally displaced from regions of upper crustal extension. The resultant horizontal shearing in the lower crust may be a mechanism for the initiation of low-angle extensional detachments.
INTRODUCTION
The continental lithosphere is stratified in both density and strength. In this study, we examine the implications of this stratification for large-scale extensional deformation of the lithosphere. In a previous study, Fletcher and Hailer [1983] treated the lithosphere as a strong surface layer of uniform strength and density overlying a weaker substrate of the same density. Their study showed that unstable extension, or boudinage, results in the concentration of extension into regions with a regular spacing determined primarily by the thickness of the strong layer. A more realistic strength stratification of the continental lithosphere would consist of a strong upper crust and upper mantle separated by a weak lower crust, with the density of the crust less than that of the mantle. If a strong surface layer necks at a given wavelength, then another strong region at depth may introduce a second wavelength of necking. In this study, we evaluate the conditions required for the growth of two wavelengths of necking instability and apply this hypothesis to the Basin and Range Province, which, as we will presently describe, exhibits two scales of periodic deformation. spar, as well as in our knowledge of the mechanics of polyphase flow and the modal mineralogy of the lower crust, constrain us to assume that quartz theology is representative of crustal strength. As shown in Figure 1 , experimental results extrapolated to lower crustal conditions indicate that olivine is much stronger than quartz at similar pressures and temperatures, as is apparent by the sharp increase in strength at the crust-mantle boundary. In fact, despite higher temperatures at depth, the upper mantle is even stronger than the upper crust, while the lower crust is a region of very low strength.
For the conditions assumed in Figure 1 , the upper mantle should undergo brittle deformation; however, strength in ductile flow is highly sensitive to the geothermal gradient and the activation energy and preexponential frequency factor in the flow law. A small change in any of these parameters would shift the depth of the boundary between brittle and ductile deformation and could eliminate the region of brittle fracture in the mantle. Because of the uncertainties in lithosphere theology we do not wish to emphasize absolute magnitudes, but rather relative differences in strength. Brittle ductile strength of olivine is significantly greater than that of quartz at the same PT conditions. A zone of low strength in the continental lithosphere is also consistent with seismic results. In a study of the distribution of earthquake focal depths in continental regions not associated with recent subduction zones, Chen and Molnar [1983] found the upper crust and upper mantle to be seismically active and the lower crust to be essentially aseismic. They interpreted the aseismic lower crest as a weak region which deforms by ductile flow. Thus both experimental and observational evidence indicate that the continental lithosphere will consist of a strong upper crust and mantle separated by a weak lower crust.
Basin and Range Province
As with other regions of continental extension, the Basin and Range exhibits high heat flow, extensive volcanism, regional uplift, and widespread normal faulting. Details of the structure and geophysics of this area are summarized by Eaton [1982] , Zoback et al. [1981] , Stewart [1978] , Thompson and Burke [1974] , and others. Modem Basin and Range topography, which is regularly spaced and has a crest to trough amplitude of about 1 km, initiated at about 13 Ma [Zoback et al., 1981] and trends generally N-S in the northern part of the province and NW-SE in the south. The area is also marked by a broad-scale regional tilt pattern of major Cenozoic fault blocks, which strike generally parallel to the basin and range structure. Stewart [1980] recognized these alternating regions of consistent tilt directions, called tilt domains, which are continuous over distances of 50-500 km along strike. The tilt domains are separated by "antiformal" and "synformal" axes, which are shown schematically in Figure 8 . Within a given tilt domain, fault blocks dip away from antiformal and toward synformal axes. Transverse zones, which are characterized by an absence of major tilted blocks and by changes in fault patterns and topographic grain, strike parallel to the extension direction and separate regions of differing tilt. In some places, transverse zones follow regional lineament patterns; however, in many cases the zones are not In a previous study of large-scale extension in the Basin and Range, Fletcher and Hallet [1983] treated the lithosphere as a strong plastic layer overlying a weaker viscous substrate of the same density. Using flow laws for a range of rock types, they found that the lithosphere extends unstably producing regions of enhanced and reduced extension. This study showed that the dominant wavelength of the necking which arises due to unstable extension is consistent with the spacing of individual basins and ranges.
On the basis of our results for extension of a strength and density stratified lithosphere, we suggest that tilt domains may also be the surface expression of boundinage-like deformation in the Basin and Range, with a wavelength greater than the spacing of ranges. We suggest that the development of this second, longer wavelength of instability may be related to a strong region of the upper mantle separated from the strong upper crust by a weak lower crust. Kinematic models of basin and range structure have been proposed which address the relationship between the ranges and tilt patterns [Anderson et al., 1983; Zoback et al., 1981; Stewart, 1980 Stewart, , 1978 Stewart, , 1971 ]. To our knowledge, however, no mechanical models have been proposed to explain the distribution of large-scale tilted fault blocks. In the present study we examine the possibility that Figure 8 ).
MODEL FORMULATION
We examine a model of the continental lithosphere which, as shown in Figure 3 , is composed of three layers and a substrate. The crust consists of two layers of thickness h• and h2, each with a uniform density (@, @•=@2) and strength (x, x•>x2). The mantle consists of a layer of thickness h3 overlying either a semi-infinite half-space with uniform strength and density (J model) or a half-space in which the strength decreases exponentially with depth (C model). In the former case, the strong mantle region is represented as a layer of uniform strength, and the strength decreases discontinuously to a lower uniform value in the substrate. In the latter, mantle strength is everywhere continuous but falls to zero at depth. Models with either uniform or exponentially varying strength were chosen because analytic solutions can b• obtained for the flow in each layer, thus avoiding the need for a fully numerical solution. Neither model is an exact representation of the rheological structure shown in Figure  1 . Variations in the strength of the lithosphere in regions of uniform composition are not abrupt, as suggested by the use of discrete layers. However, the rapid decrease in strength with depth associated with ductile flow results in a relatively rapid transition from strong to weak. As will be shown later, both models result in similar dominant wavelengths and instability growth rates. Instability in the lithosphere, extending horizontally at a uniform or mean rate •;xx, occurs due to the amplification or growth of small, random disturbances along initially planar interfaces. As the disturbances grow, the interfaces deform sinusoidally with an amplitude A. We assume (1) two-dimensional flow, and (2) the amplitude of the disturbance to be small compared to its wavelength. Mathematically, this is regarded as the superposition of an unstable secondary or perturbing flow on the mean or primary flow which describes the uniform extension of the medium. This linearized formulation describes only the incipient stages of unstable extension.
Linearization
In the linearized problem, stresses and strain rates for the In the present study, Ozz=0 in excess of the hydrostatic stress since the mean extension is entirely in the x direction. As described by Fletcher and Hallet [1983] , the relationship between the perturbing stresses and strain rates is obtained by substituting (1) and (6) The problem in its most general form is described by a number of dimensionless parameters which are listed in Table 1 . S•-S4 are ratios of buoyancy to strength at each of the interfaces. In the present problem, S2 and S4 are set to zer9 because the crust and mantle are of uniform density. In the J model, R•-R3 are the ratios of the strengths of the various regions. In the C model, the strength at the mantle layer-substrate interface is continuous so R3 = 1. Here fl0w is determined by the parameter or, the ratio of the viscosity decay depth in the substrate to the strong layer thickness. The values of these parameters determine whether the lithosphere will extend unstably, and if so, the dominant wavelength at which necking will Occur.
To consider the implications of strength and density stratification in the continental lithosphere, we determine the growth rate spectrum q(k')• for g range of model parameters. The results are then applied, to discuss the observed wavelengths of deformation in the Basin find Range Province. This approximates a perfectly plastic material in which deformation can be discontinuous across sliplines, which may represent incipient faults. A perfectly plastic material may ,thus be a representative rheological model for a region which deforms by pervasive faulting [Chappie, 1978] . In this study, we use a value of n• = 10 4 for reasons discussed in Appendix 1. The lower crust and the mantle are modeled as uniform power law fluids with n2 = n3-n4 = 3, which is characteristic of deformation due ,to dislocation creep.
RESULTS

We
To examine the general character of the deformation in the strength jump (J) model, we assume that the lower crust is 100 times weaker than the upper crust, that the upper mantle is twice as strong as the upper crust, and that the mantle substrate is 50 times weaker than the upper crust. England [1983] , in a study of continental extension, also assumed that the upper mantle made the greatest contribution to lithospheric strength. Strength estimates are based on experimental resul•ts and on the Figure 5 shows the crustal displacement fields associated with the short, long, and combined dominant wavelengths for the J model. These diagrams were constructed by calculating displacements at equally spaced points on an initially rectangular grid and connecting the tips of the displacement vectors. In the linearized theory, the amplitudes of the long and short wavelength deformation are each proportional to their initial amplitude. Thus the relative amplitudes are not determined by the growth rate factors alone. The amplitudes shown in Figure  5 were chosen to clearly show the character of deformation at each wavelength. In all cases the mean extension has been removed, so that areas of apparent compression are in reality areas of minimum extension. In the short wavelength case, the effect of necking of the strong upper crust, as well as the change in deformational style at the brittle-ductile transition can be clearly observed. In the longer wavelength case, the upward deflection of the crust-mantle boundary is the most obvious deformational feature. Flow in both the crust and underlying mantle can be represented in terms of the amplitude of the vertical velocity W(k',z) at a given wave number. W(k',z), normalized to unity at the surface (z--0), is shown in Figure 6 for the two dominant wave numbers in the J model. For the short wavelength deformation, the vertical velocity at the base of the crust and in the underlying mantle is small, as reflected in the small relief on the crust mantle boundary in Figure 5a . The vertical velocity of the long wavelength deformation reaches a maximum within the strong mantle layer, and its magnitude decays exponentially with depth. The deformation penetrates to a depth comparable to its wavelength. Our interpretation of these results in the context of Basin and Range deformation is that the shorter wavelength instability may control the spacing of individual ranges, and the longer wavelength may control the spacings of long wavelength topography and the tilt domains. In the short wavelength case, regions of enhanced extension and thinning correspond to basins, and regions of apparent thickening correspond to ranges. In the long wavelength case, the peaks and troughs in the long wavelength displacement profile define regions in which fault blocks change tilt directions as determined by the sense of horizontal shear. Regions of alternating positive and negative surface gradient correspond to Stewart's tilt domains.
We will now consider the influence of lithosphere structure and theology on the the predicted wavelengths of deformation focusing primarily on the J model. In an extending layered medium, an increase in density with depth across an interface reduces the vertical component of the perturbing flow and acts to confine deformation to within regions of uniform density. This effect is most notable at short wavelengths where, as illustrated in Figure 5 , the relative magnitude of deformation at the surface and at the crust-mantle boundary is significantly different for the long and short wavelength deformation. The long wavelength deformation has a large amplitude at the crustmantle boundary relative to that at the surface. In contrast, the short wavelength deformation nearly vanishes at the crust-mantle boundary. This result, which predicts a flat Moho on a scale of tens of kilometers, holds for any reasonable range of crust-mantle density contrasts (i.e., @ .... t<@ .... fie). The density increase across the crust-mantle boundary also acts to decrease the overall magnitude of the growth rate spectrum, but for the range of physically realistic conditions the effect is The function is most sensitive to changes in the strength of the upper crust relative to that of the other regions. An increase in the relative strength of the upper crust increases the amplitudes of both short and long wavelength peaks but increases the shorter wavelength peak to a greater extent. A relative increase in the strength of the strong upper mantle region decreases the amplitudes of both peaks, but the decrease is less for the shorter wavelength peak. The variation in the dominant wavelengths due to the differences in assigned layer strength is not significant. The presence of a weak lower crust between a strong upper crust and mantle is a prerequisite for a second wavelength of instability. As shown in Figure 4 , a single strong layer over a uniform viscous substrate has a growth rate spectrum with a single maximum. A strength-stratified crust overlying a uniformly strong mantle is an insufficient condition for two scales of instability; the mantle must contain a region of high strength, though as shown by the growth rate spectrum for the C model, a discontinuity in strength within the mantle is not required.
If the lower crust and mantle deform by steady state creep the value of n is probably about 3, but variations within the range 1-3 have a negligible effect on instability growth rate. For a single layer embedded in a weaker medium both with n---1, the growth rate is less than unity in the absence of an unstable density stratification [Smith 1977 ]. On this basis it might be expected that no necking instability would occur in a strong upper mantle with a linear theology. However, a strong upper mantle region with n3-I beneath a surface layer with large n• does show a weak long wavelength instability, which supports the contention that this instability is driven by necking of the surface layer (see Appendix 1). If brittle deformation occurs in the upper mantle, as suggested in Figure 1 , then flow in this region may be best described by a large stress exponent.
Increasing n in the strong part of the mantle enhances the instability of the longer wavelength of deformation. Dominant wavelengths are determined primarily by layer thicknesses. Smith [1979] showed that a single layer with large n embedded in a weaker medium with n= 1 extends unstably with a wavelength to layer thickness ratio of •./h--•4. While our results agree with Smith's for the limiting case, the presence of another strong layer (with finite n) and the inclusion of buoyancy forces at the interfaces markedly change this ratio. Table 3 Increasing the thickness of the surface layer, keeping the thicknesses of the other layers constant, increases both dominant wavelengths. A decrease in the thickness of the strong upper mantle increases the longer dominant wavelength but has no apparent effect on the shorter wavelength. A decrease in the thickness of the weak lower crust may slightly decrease the dominant wavelength for the longer wavelength peak, but again the shorter wavelength peak is unaffected. These results show that the lower crustal and upper mantle layers influence the behavior of the growth rate spectrum to a lesser extent than does the surface layer.
APPLICATION TO THE BASIN AND RANGE PROVINCE
We will now consider the observed structure of the Basin and Range Province in terms of these results and examine possi- 
Two Scales of Deformation
The shape of the growth rate spectrum depends not on the actual strength of the layers but on their strength ratios R•, R2, and R3. For the variations in strength assumed in Table 3 does not strongly influence these estimates of layer thickhesses.
Amplitudes are more difficult to estimate on the basis of the present linearized model because they depend directly on initial amplitudes. It is, however, possible to establish a lower limit of the dominant growth rate factor requii'ed to produce the approximate structural relief of the ranges and the largest tilt domains.
For a lower limit of total Basin and Range ext•hsion of 10%
and initial vertical surface perturbations in the range i0-100 m, dominant growth rate factors of qd--24 and 47 will result in vertical surface deformation of the order of 1 km. As summarized in Table 2 , the minimum lithospheric strength contrasts required for qa in this range are consistent with the strength profile shown in Figure 1 . We have not considered the effect of fluid pressure, which would act to reduce the effective frictional strength of the upper crust; however, for a hydrostatic value the decrease in average crustal strength would not be great enough to suppress the growth of either wavelength of instability.
Crust and Mantle Deformation
Figure 5c is a plot of the superposition of the crustal displacement fields and shows the combined deformation from the two wavelengths of instability. A contrast in the style of deformation between the plastic surface layer and the ductile lower crust is clearly visible. Regions of maximum extension are of particular interest since faulting should localize in these areas. 
Relation of Gravity Anomalies to Extensional Deformation
Gravity studies [Eaton et al., 1978] show that most of the regional topography in the Basin and Range is in approximate isostatic equilibrium. The regional Bouguer gravity signature, as depicted in maps of the filtered Bouguer gravity field of the United States [Hildenbrand et al., 1982] , exhibits a N-S striking 200 km wavelength undulation which correlates with the long wavelength regional topography of the province [Eaton et al., 1978] . Eaton et al. have suggested that these long wavelength gravity anomalies are at least partially due to temperature variations in the mantle. Froidevaux [1985] estimates that about 7 km of relief on the crust-mantle boundary would be required to explain the amplitude of the observed anomalies by crustal thickness variations alone. Since seismic reflection studies in the Basin and Range [Allmendinger et al., 1983 [Allmendinger et al., , 1985 show a relatively flat Moho, he concludes that density variations in the mantle must be responsible for the observed long wavelength gravity anomaly and estimates that about a 50 km vertical displacement of mantle isotherms would be required to account for the observed anomaly.
The short wavelength deformation is consistent with large vertical relief at the surface compared to that at the crust-mantle boundary. However, if the Moho also has relatively small relief at long wavelengths, ductile extension alone cannot account for the amplitude of the observed gravity anomaly. As shown in the long wavelength gravity anomaly is due to density variations in the mantle, this suggests, in constrast to the view of Froidevaux [1985] , that convective flow generated by density differences in the mantle may be required to account for the magnitude of the anomaly. However, the long wavelength necking instability may determine the horizontal scale at which this convective motion subsequently occurs.
The large-scale tilt pattern, represented by synformal and antiformal boundaries, and the pattern of long wavelength gravity anomalies are shown in Figure 8 . Although the surface structures are more complicated than the gravity field, the longest, most continuous synformal and antiformal boundaries occur in areas of negative and positive gravity anomaly respectively. Seismic reflection studies help to define the shallow structure created by faulting or brittle deformation but cannot resolve deeper ductile deformation which produces no well-defined reflectors. There is thus no direct evidence that tilt domains at the surface correspond to deeper ductile deformation. However, the spatial relationship of long wavelength gravity anomalies to surface structures suggests that these structures may be related to ductile deformation at depth.
CONCLUSIONS
An extending continental lithosphere with a density and strength stratification that is consistent with seismicity observations and experimental rock deformation studies is unstable with respect to necking and will deform with two wavelengths of instability. Short and long wavelengths of deformation arise due to the presence of the strong upper crust and upper mantle regions of the lithosphere. In simple layered models of the lithosphere, the dominant wavelengths of necking are most strongly controlled by the layer thicknesses. The relative strengths of the layers control the amplitudes of the instabilities but only weakly affect the dominant wavelengths.
In the lower crust and mantle where dislocation creep dominates deformation, varying the stress-exponent in the range of 1-3 has a negligible effect on instability growth rate. In contrast to the case of a single layer in a weaker viscous material both with n= 1 which always extends stably, a strong mantle layer with n3 = 1 exhibits a weak long wavelength instability because mantle deformation is driven by unstable extension of the upper crust.
The two wavelengths of necking instability that result from strength stratification of the lithosphere may explain the formation of ranges and tilt domains in the Basin and Range Province. The magnitude of the growth rate factor obtained from (A13) is a strong function of the stress exponent in the surface layer. In this study, we adopted a large n to approximate a perfectly plastic material, and it is useful to examine the consequences of this choice of rheology. A decrease in n• shifts the maxima to longer wavelengths and decreases the magnitude of the growth rate spectrum at all wave numbers. The amplitude of the shorter wavelength peak is decreased significantly relative to the longer wavelength peak. As noted in the results section, a strong mantle layer stabilizes The falloff in the magnitudes of higher-order peaks in the C model may thus justify the exclusion of these peaks in the J model. We have used a strength jump to approximate a continuous decrease in strength with depth in the lithosphere and are therefore interested in that part of the behavior of the J model which best approximates the behavior of the C model; this occurs in the first instability interval.
